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Abstract
Background: Understanding the mechanisms by which diversity is maintained in pathogen populations is critical for
epidemiological predictions. Life-history trade-offs have been proposed as a hypothesis for explaining long-term
maintenance of variation in pathogen populations, yet the empirical evidence supporting trade-offs has remained
mixed. This is in part due to the challenges of documenting successive pathogen life-history stages in many
pathosystems. Moreover, little is understood of the role of natural enemies of pathogens on their life-history evolution.
Results: We characterize life-history-trait variation and possible trade-offs in fungal pathogen Podosphaera plantaginis
infecting the host plant Plantago lanceolata. We measured the timing of both asexual and sexual stages, as well as
resistance to a hyperparasite of seven pathogen strains that vary in their prevalence in nature. We find significant
variation among the strains in their life-history traits that constitute the infection cycle, but no evidence for trade-offs
among pathogen development stages, apart from fast pathogen growth coninciding with fast hyperparasite growth.
Also, the seemingly least fit pathogen strain was the most prevalent in the nature.
Conclusions: We conclude that in the nature environmental variation, and interactions with the antagonists of
pathogens themselves may maintain variation in pathogen populations.
Keywords: Ampelomyces spp., Diversity, Epidemiology, Fitness, Host-pathogen interaction, Plantago lanceolata,
Podosphaera plantaginis
Background
Genetic and phenotypic variation in pathogen popula-
tions determines their evolutionary potential and there-
fore is an important factor driving the emergence,
spread, and persistence of disease within their host pop-
ulations [15, 24]. Until recently, our ability to quantify
levels of genetic variation within pathogen populations
was restricted by the scarcity of suitable genetic markers
[16]. With the development of more specific tools,
molecular tracking of pathogen strain variation, and thus
disease dynamics, has become possible across a range of
spatial and temporal scales [8, 32, 44, 50]. Subsequently,
we now know that variation in pathogen populations is
ubiquitous across different pathosystems [43]. However,
little is known about the mechanisms that maintain this
variation in pathogen populations.
A longstanding hypothesis in ecology is that multiple
life-history strategies may coexist within populations
because differences in their fitness payoffs prevent any
one strategy from reaching fixation [37, 38]. Trade-offs
in pathogens are of particular interest because they may
constrain the evolution and epidemiology of diseases.
There is experimental evidence for a trade-off between
parasite growth and reproduction, presumably because
environments that are optimal for growth may be sub-
optimal for reproduction and vice versa [5]. Similarly,
there is support for a trade-off between parasite viru-
lence and reproduction [14, 47]. However, it should be
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noted that such trade-offs are not pervasive, and the
strength and even shape of life-history correlations can
vary according to host genotype, and the abiotic envir-
onment [23]. Thus, variation in life-history may promote
the maintenance of genetic variation. However, one of
the key challenges in studying pathogen life-history vari-
ation stems from the inconspicuous nature of the patho-
genic life-style. For most pathogens, any attempt to
quantify the key life-history stages that lead to infection
and transmission require destructive sampling. More-
over, the sexual stage is notoriously difficult to study,
and thus for most pathogens we lack sufficient insight
into the production and maturation of sexual structures
[42]. This is non-trivial given that the sexual stage plays
a key role in generating variation in pathogen popula-
tions [25], and is also ecologically important because
many pathogens survive unfavorable conditions via
sexually produced resting spores [2, 35].
To obtain a full understanding of pathogen life-
history, it is also important to take into account that a
pathogen interacts not only with its host but also its
own natural enemies such as predators or hyperpara-
sites (reviewed in [29]); parasitic organism that uses
another parasitic organism as a host. Empirical and the-
oretical studies have found that hyperparasites can fun-
damentally affect the expression and evolution of key
pathogen life-history traits [10, 20, 45, 54], and thus im-
pact pathogen dynamics [3, 18, 36, 49]. To date, several
studies have demonstrated that pathogen strains vary in
their sensitivity to hyperparasites [9, 30]. However,
whether investment in resistance to hyperparasites has
a cost in other life-history stages has not been explored.
Here, we investigate how pathogen life-history traits
vary among seven distinct strains of a powdery mildew
fungal pathogen, and whether there are trade-offs between
these traits. Our study is able to take into account two
important pathogen life-history stages: asexual (i.e life-
history traits linked to the growth) and sexual (i.e life-
history traits linked to the production of overwinter
survival structures), which is relatively uncommon as well
as pathogen sensitivity to its common hyperparasite [30].
Moreover, we combine large-scale field epidemiological
surveys with multi-locus genetic data to determine
whether different life-history strategies relate to the preva-
lence of strains in the wild. We use the well-characterized
pathosystem Podosphaera plantaginis – Plantago lanceo-
lata (powdery mildew – ribwort plantain) in the Åland
Islands (Finland) to answer these questions. Given that
this pathogen completes its entire life-cycle on the surface
of the host plant, we are able to monitor the life-history
traits visually in a non-destructive manner.
We find significant variation among seven pathogen
strains in their life-history traits that constitute the in-
fection cycle, with no evidence for trade-offs among
pathogen development stages. However, we show that
fast growth comes at a cost of being more sensitive to
infection by the fungal hyperparasite Ampelomyces spp.
We do not find a link between specific pathogen traits
under laboratory conditions and high prevalence in
nature, which suggest that pathogen success in the wild
is not a the product of outright growth rate alone.
Methods
The study system and pathogen life-history
We focused our study on the powdery mildew, Podo-
sphaera plantaginis (Erysiphales, Ascomycota), which is
an obligate fungal pathogen naturally infecting host plant
Plantago lanceolata, the ribwort plantain. The life-cycle of
the powdery mildew begins with the germination of a
spore on a susceptible host resulting in lesions where
clonal spores (conidia) are produced. During the growing
season, these spores are transmitted by wind to new hosts.
To survive the winter, resting structures (chasmothecia)
are produced that contain sexually generated ascospores,
which initiate new infections in the following spring
(Fig. 1). Podosphaera plantaginis is capable of haploid
selfing and hence outcrossing with another strain is not
necessary for its overwinter survival [48].
Since 2001, every year in early September all known
approximately 4000 P. lanceolata populations in the Åland
islands, Southwest of Finland, are surveyed for the presence
of P. plantaginis [27]. At this time of the year the fungus is
clearly visible on host leaves as white-greyish mycelial
growth with conspicuous black resting spores. Infected leaf
samples are collected from each infected site for subse-
quent genotyping. Fourteen years of epidemiological data
have shown that this pathogen persists regionally as a
highly dynamic metapopulation [19, 22]. Genotyping has
revealed considerable genetic diversity in this pathogen
metapopulation, with most of the strains found in only one
or few localities with a small subset of strains being com-
mon across multiple host populations [50].
Recently, it was reported that pathogen populations in
the Åland Islands are frequently infected (77%) by a fun-
gal hyperparasite Ampelomyces spp. (Ascomycetes) [30].
Ampelomyces is an obligate hyperparasite, and is thus
strongly dependent on the life-cycle of its powdery
mildew host (Fig. 1). Laboratory experiments have
shown that Ampelomyces infection decreases the growth
of conidia and the production of chasmothecia by P.
plantaginis [31], and hyperparasite infection in nature is
associated with decreased overwinter survival of the
powdery mildew [49]. Several studies have shown that
Ampelomyces infection can also curtail epidemics of
other powdery mildew pathogens under greenhouse
conditions [1, 33], and thus can negatively impact on
pathogen fitness. P. plantaginis strains have been shown
to vary in both qualitative and quantitative susceptibility
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to Ampelomyces infection [30], but how this variation
correlates with other mildew life-history traits has not
been studied before. The mode of Ampelomyces over-
wintering in P. plantaginis remains still unknown,
though in other powdery mildew species it has been
shown to survive as pycnidia and as hyphae on the
mildew lesion or inside the chasmothecia which are the
overwinter structure of the powdery mildew [41].
Host and pathogen material for the experiment
We first conducted laboratory inoculation experiments
to measure possible trade-offs between successive life-
history traits that constitute both the transmission phase
during epidemics – time to germination, time to sporu-
lation and amount of spores produced – as well as
between the production of sexual resting spores of P.
plantaginis. We also quantified the sensitivity of patho-
gen strains to the Ampelomyces hyperparasite in a simi-
lar experiment. Altogether the data that are analyzed
here come from three distinct experiment blocks, where
the third block is subdivided into inoculations with and
without the hyperparasite. All the measurements were
obtained at the single-leaf level, each experiment
constituting 4–20 replications of such single-leaf inocu-
lations for each pathogen strain. The subsequent statis-
tical modelling is also carried out at the single-leaf level,
also when the hyperparasite infection progress is
characterized, as the pathogen infection stages can be
observed from the same leaf. Since the experiments only
differ in their onset time and the same plant genotype
was used for the inoculations, it makes sense to analyse
the data jointly. For more details on the experimental
setup, see Chapter 1 Figure S1 and Tables S1-S5 pre-
sented in the Additional file 1.
We focused our experiment on seven P. plantaginis
strains (i1, 876–1, 4000, 330, 40A, 747–4 and 7.4.3301)
whose performance was measured on a broadly suscep-
tible host genotype (490–15, [40]). The strains were
obtained as part of routine sampling of the P. plantagi-
nis metapopulation in September 2015, being collected
as infected leaves, each from a different host plant, and
placed on moist filter paper inside Ø 9 cm Petri dishes.
Pure strains were obtained by three consecutive single-
colony transfers onto healthy leaves [26]. The fungal
strains were maintained on detached P. lanceolata leaves
in Petri dishes in a growth chamber at + 20 °C with 16 L/
8D photoperiod. Successive inoculations were carried
out to obtain enough spore material for the experiments.
The strains were genotyped with a 19 SNP panel [50] to
determine their frequency in the natural metapopulation
and to confirm that they consisted of a single pathogen
strain. The genotyping protocol is described in detail in
Chapter 2 of the Additional file 1 (see Table S6 for de-
tails). The studied strains have been shown to vary in
Fig. 1 Powdery mildew life-cycle (Podosphaera plantaginis) and its hyperparasite Ampelomyces spp. on ribwort plantain (Plantago lanceolata). The powdery
mildew life-cycle is shown in black and the Ampelomyces life-cycle in brown. The asexual part of the powdery mildew cycle is indicated by dashed (black)
arrows while the sexual part is indicated by solid arrows. The powdery mildew life-cycle begins with the arrival of a spore on a susceptible host leaf. Then
the mycelium grows and clonal spores (conidia) are produced. During the growing season, the pathogen is transmitted passively among hosts by wind
dispersal of clonal spores. The pathogen survives winter as resting spores (chasmothecia) which contain sexually produced ascospores. Ascospores
germination initiates a new epidemic in spring. The Ampelomyces life-cycle is strongly dependent on that of powdery mildew as it forms pycnidia within
powdery mildew tissues. Hyperparasite spores are released from mature pycnidia and dispersed by rain-splash to nearby powdery mildew colonies
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their prevalence in the wild along a gradient, from
colonizing 4 to more than 60 distinct locations (Figure
S2 in Additional file 1 Chapter 3).
Measuring asexual and sexual pathogen life-history
stages
To measure the asexual and sexual pathogen life-history
stages, we carried out inoculations in which host leaves
were placed on moist filter paper in Ø 9 cm Petri dishes,
and conidial spores from an infected leaf were gently
brushed with a fine paint brush over the entire surface
of the healthy leaf. Colonies of similar age and size (c.
1.0 cm Ø) were used for the inoculations in order to
obtain as similar spore densities as possible. Spores for
each inoculation came from a distinct colony from a
distinct plant leaf. This procedure has been shown to
produce repeatable infection outcomes for unique
pathogen strains [21]. While we did not quantify exact
spore dose on each colony used for the inoculations, ex-
tensive past work on this pathogen has demonstrated
that strain level differences are typically seen as differ-
ences in the size and number of lesions rather than in
the number of spores supported by each lesion (A.-L.
Laine, pers. comm.) Each inoculation was replicated at
least four times and the inoculations were distributed
across three experiment blocks as it would not have
been possible to score all the infections at the same time
(Additional file 1 Chapter 1). Inoculated leaves inside
the Petri dishes were kept in a growth chamber at +
20 °C with a 16 L/8D photoperiod. The resulting infec-
tions were observed daily with a dissecting microscope
starting at 1 day post inoculation (DPI) until at least 23
DPI. Powdery mildew growth was scored using “Bevan’s
scale” (adapted from [6]), ranging from 0 to 4 (0: no
mycelium, 1: mycelium only, 2: mycelium and sparse
sporulation visible only under a dissecting microscope,
3: abundant sporulation and lesion size < 0.5cm2, 4:
abundant sporulation and lesion size > 0.5cm2, for a
schematic version of the scale see Additional file 1
Chapter 1: Figure S1). We used these measures to quan-
tify time to germination (measured as the number of
days it takes for a spore landing on a leaf to form the
first hyphae), time to sporulation (measured as the num-
ber of days it takes for the established mycelium to
produce conidial spores) and the amount of spores pro-
duced. We measured the reproductive success by docu-
menting the time of first appearance of chasmothecia,
their maturation as well as their abundance at 23 DPI
on a 0 to 5 scale (0: no chasmothecia, 1: < 10, 2: [10;30],
3: [30;60], 4: [60;200], 5: > 200). For an illustration of the
measured traits, see Figures S3 and S4 in Chapter 4 of
the Additional file 1, and for basic summary statistics of
them, see Table S7 in Chapter 5 of the Additional file 1.
Pathogen sensitivity to the hyperparasite
To quantify variation in the seven P. plantaginis for
sensitivity to the hyperparasite we conducted a second
inoculation experiment in which we challenged each
strain with a single Ampelomyces isolate collected from
a P. plantaginis population Åland in September 2014
(allopatric to any of the seven pathogen strains). Prior to
experimentation Ampelomyces was maintained as pure
culture on custom agar media [30]. Twenty detached P.
lanceolata leaves were inoculated with each powdery
mildew strain as described above, then at 8 DPI, 70 μl ±
2 of Ampelomyces spore suspension in filter-sterilised
H2O was aspirated onto each powdery mildew-infected
leaf. Spore suspensions were obtained by scraping the
surface of four-six week old Ampelomyces culture plates
into filter-sterilized H2O. Spore suspensions were
counted with a haemocytometer and then diluted to
(1 × 106 spores/ml). Established Ampelomyces infections
produce distinctive, brown spore structures within their
host’s conidia, called pycnidia (Fig. 1). Leaves were ob-
served daily under a dissecting microscope for the ap-
pearance of these pycnidia, starting at one day post
Ampelomyces inoculation until the 23rd day post pow-
dery mildew inoculation. Ampelomyces infection severity
was scored with an adapted version of the scale reported
in Falk et al. [13]: A0: no pycnidia observed, A1: 1–20
pycnidia in each Ampelomyces cluster appearing, and
A2: either 21–50+ pycnidia in each powdery mildew le-
sion or between 30 and 50% of powdery mildew covered
(for a schematic version of the scale see Figure S4 in
Additional file 1). This scale controls for the different
amounts of powdery mildew tissue available for the
hyperparasite to infect, i.e. small powdery mildew lesions
can still support a level A2 of hyperparasite infection
even if there is not enough tissue to produce ~ 50 pycni-
dia (this has been also statistically tested a posteriori on
our samples, H0: No impact of the mildew lesion size on
the Ampelomyces load, χ2 = 2.61, p-value: 0.11). For each
powdery mildew strain, 20 Ampelomyces-negative control
leaves aspirated with H2O were included in the experi-
ment to ensure there is no cross-contamination of Ampe-
lomyces between leaves, and to ensure that the powdery
mildew stocks used were viable.
Statistical analyses
Variation in developmental rates of powdery mildew strains
and their sensitivity to the hyperparasite
We analyzed variation in the speed to germinate, sporu-
late, produce chasmothecia, the time it takes from first
sporulation to first chasmothecia and the time it takes
from first chasmothecia to mature chasmothecia (Fig. 1)
using survival models as implemented in R-package
survival [46]. We considered Cox Proportional Hazards
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model [12], in which the hazard of an event of interest is
defined as:
h tð Þ ¼ h0 tð Þ exp ηð Þ;
where h0(t) is the baseline rate of the event happening as a
function of time, and the predictors are assumed to have a
multiplicative effect on h0(t) via the linear predictor η. All
survival models had strain identity and experiment block
as fixed effects, and their significance as predictors was
concluded using pairwise (anova) model comparisons.
When analysing differences in the developmental rates
between the strains, we base our considerations in the
confidence intervals obtained for each strain.
To quantify variation in P. plantaginis sensitivity to
Ampelomyces hyperparasite, we analysed the time it
takes for the Ampelomyces to reach states A1 and A2,
and the time it takes for the Ampelomyces to develop
from powdery mildew sporulation to state A2, with
strain identity and as a fixed effect. The experiment
block was omitted from these analyses, as all hyperpara-
site data came from the same block. Additionally, to
account for the possibility that powdery mildew infec-
tion state determines the hyperparasite infection success,
we considered a model in which the infection state at
the day of hyperparasite inoculation (day 8) was consid-
ered as a predictor.
Analyses of infection severity
To assess strain-related differences in infection severity
(Bevan score at day 15 and the abundance of the chas-
mothecia produced), we utilized ordinal regression
models using the function clmm2() in R-package ordinal
[11] with strain identity and experiment block as fixed
effects. This approach allows regressing the exploratory
variables of interest to a categorical response variable
with natural ordering.
Relationships between the life-history traits
We analysed the relationships between pathogen life-
history traits (positive or negative) and whether these
differ among the strains. For this purpose, we modeled
all pairwise correlations between the different traits
(event times or abundance measures) with strain iden-
tity, life-history trait, as well as the experiment identity.
The model structure was that of either ordinal regres-
sion or survival model depending on the nature of the
response variable; whether it was a measure of abun-
dance or timing of an event, respectively.
Relationships to the metapopulation prevalence
When relating the measured life-history traits with
metapopulation prevalence, we performed Spearman
rank correlation on the observed prevalence of the
similar multilocus genotype profile within the wild and
the mean measured trait of the corresponding strain.
Results
Among strain variation in developmental rates
Pairwise model comparisons (Tables S8 and S9 in
Additional file 1 chapter 6.1) confirmed that both strain
identity and experiment identity were significant predic-
tors for predicting timings of all pathogen infection
stages, apart from one single case. When further asses-
sing variation for the timing of key life-history traits
among our seven pathogen strains, we considered the
estimated relative rates from the fitted survival models,
and their corresponding 95% confidence intervals. In all
results below, we infer significant differences between
two strains in a given rate whenever the corresponding
95% confidence intervals do not overlap. This is a statis-
tically conservative way to assess the main signals on
between- strain differences. Thus the arbitrarily chosen
baseline strain (330) is out from these considerations, as
it constitutes a reference rate, to which other strains are
compared to.
Mean time to germination varied between 2.53 and
3.32 (days) among strains, but there was no evidence for
this variation being significant (Fig. 2a). Mean time to
sporulation varied from 8.57 and 11 days among strains.
The fastest strain to sporulate, strain 4000, had an
estimated relative rate of 1.76 with 95% confidence inter-
val [1.04, 2.96], indicating faster sporulation than the
baseline rate (since the confidence interval does not in-
clude 1). The slowest strain to sporulate was 40A, with a
relative rate: 0.67 (95% CI [0.39, 1.14]) which overlaps
the baseline rate, and with the confidence interval of the
fastest strain (Fig. 2b). We thus conclude that while
differences could exist between the sporulation rates, the
results are not significant. There was considerable vari-
ation between the strains in the average time to produ-
cing their first immature chasmothecia, the difference in
means being 3.83 days between fastest and slowest
strains. The two fastest strains (4000 and 876–1) had
relative rates of 3.25 and 2.49, with confidence intervals
that did not overlap the slowest strain, i1 this was 0.74.
This is seen both in panels c and d of Fig. 2, indicating
that the significant difference exists regardless of
whether we analyse the time from sporulation to
chasmothecia or the time from the beginning of the
experiment to the timing of the chasmothecia. Further
summary statistics for all traits analysed are given in
Table S10 in Additional file 1 Chapter 6.2.
Infection abundance measures
Pairwise model comparisons (Tables S11 and S12 in
Additional file 1 Chapter 7.1) confirmed also that both
strain identity and experiment identity were significant
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predictors for predicting pathogen infection abundances:
i.e. Bevan scale at day 15 and the final chasmothecia
category. Analyses on the infection abundance revealed
a significantly lower infection abundance for the strain
i1 at day 15, and on the other hand significantly more
chasmothecia produced for strains 876–1 and 747–4 by
the end of the follow-up. The analyses also strongly sug-
gested that slow growth coincides with lower infection
abundance, as the estimated effects of infection timings
(first sporulation or first chasmothecia) on abundance
were significant and negative (Tables S13 and S14 in the
Additional file 1 Chapter 7.2).
Correlations between life-history traits
When studying correlations between the life-history
traits, we found that the speed of germination was sig-
nificantly positively correlated with the timing of first
sporulation, first immature and mature chasmothecia
and the time it takes from sporulation to chasmothecia
(Table S15 Chapter 8 Additional file 1). Moreover, the
timing of first sporulation was significantly correlated
with timing of first chasmothecia (Fig. 2e). We also
found that the timing of first germination, sporulation,
first immature and mature chasmothecia and time from
sporulation to first chasmothecia all significantly corre-
lated both with the Bevan scale at day 15 and the final
chasmothecia category, so that faster developmental rate
was associated with more abundant infection or chas-
mothecia (Fig. 2f, Table S16 Chapter 8 Additional file 1).
Finally, we find that the timings of pathogen and hyper-
parasite infection stages were also for most of the cases
positively and significantly correlated, meaning that fast
growth of pathogen induces fast growth of the
hyperparasite as well (Table S17 in Chapter 8 of the
Additional file 1). Thus to conclude, the rates at which
different strains accomplish different life-history stages
are to a large extent positively correlated, also with the
rates of the hyperparasite, and faster developmental rates
correspond to more abundant spore production.
Sensitivity to the hyperparasite
All pairwise model comparisons identified strain as a
significant predictor for the different measured
characteristics of hyperparasite infection progression
Fig. 2 The distributions of the studied powdery mildew life-history traits. Panels a-d show the estimated powdery mildew relative rates of
reaching different infection stages and their 95% confidence intervals for the individual strains, where strain 330 is considered as the baseline
factor (arbitrary). Panel e shows that the time to sporulation predicts the time of chasmothecia production (grey lines showing the marginal
distributions), both in days. Panel f highlights that the Bevan scale at day 15 predicts final chasmothecia abundance
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(Table S18 in Additional file 1). Taking into account the
pathogen infection state at the time of hyperparasite
infection, on the other hand, was only significant when
predicting the times to A1 and A2, but not when times
from sporulation to A1 and A2 were considered (Table
S19 in Additional file 1). There were significant
differences between the strains in the sensitivity to the
hyperparasite, as suggested by the between-strain differ-
ence in the timings of hyperparasite infectivity stages
(for example between 4000 and 40A, Fig. 3a-b, Table S21
Chapter 9 of the Additional file 1). However, these dif-
ferences were somewhat mitigated when the pathogen
infection status at the time of inoculation of the hyper-
parasite was taken into account (Table S22 Chapter 9 of
the Additional file 1). Yet regardless of the modelling as-
sumption, the fastest growing strain 4000 is associated
with faster development from mildew sporulation to
state A2 (Tables S21 and S22 in the Additional file 1).
Also, even when the pathogen infection status at the
time of hyperparasite inoculation was accounted for
when modelling hyperparasite infection development,
the pairwise model comparisons suggested the pathogen
strain as a significant predictor (Table S20 in the
Additional file 1). However, the analyses on trait correla-
tions revealed that these processes are strongly corre-
lated with the growth rates of the mildew. Pairwise
analyses of the timing of powdery mildew and hyper-
parasite infection stages revealed that earlier timing of
hyperparasite reaching infection stage A1 was signifi-
cantly associated with earlier timing of germination,
sporulation and shorter time from germination to sporu-
lation of the powdery mildew (Fig. 3c, Table S17 in
Chapter 8 of the Additional file 1), and similar correlations
were found when modelling the timing of A2. The time
from sporulation to A2 was also positively associated with
timing of sporulation and chasmothecia. Jointly our
results suggest that faster mildew growth coincides with
faster hyperparasite growth and that this correlation is
evident at both within and between strain levels.
Differences in the estimated pathogen traits and link to
metapopulation prevalence
To understand how variation in life-histories impact on
realized fitness, we assessed whether any of the life-
Fig. 3 Correlations between pathogen and hyperparasite life-history traits. Panels a-b show the correlation in timings (in days) between the
powdery mildew and hyperparasite life-history stages (time to reach A1 and A2). Panels c-d show the corresponding relative rates
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history traits was associated with prevalence in the
natural pathogen metapopulation. In 2015, pathogens
with corresponding MLG-profiles to the strains studied
here were found thoughout the metapopulation, as seen
from Figure S2 in Chapter 3 of the Additional file 1 Y.
The most prevalent among the strains, used in our
laboratory study, i1, was found at 62 locations, while
strains 40A and 747–4 were only found at 4 locations
Figure S2 in Chapter 3 of the Additional file 1. We
tested correlations between the trait means of the strains
and their observed prevalence. While such comparisons
are restricted by the small number of considered strains
(N = 7), the overall conclusion of these analyses, as well
as from visual inspections was, was that none of the
measured life-history traits were directly associated with
prevalence in the wild (Figure S5 in Chapter 10 of the
Additional file 1). Interestingly, the most prevalent strain
in nature, i1, did not rank the highest in any of our
laboratory measured fitness traits.
Discussion
Understanding the mechanisms by which diversity is gen-
erated and maintained in pathogen populations has been a
long-standing challenge in disease biology [23, 53]. Resolv-
ing this is non-trivial given that diversity of pathogen
populations underlies risks of infection and disease emer-
gence. Here, we have documented both asexual and sexual
stages as well as sensitivity to a hyperparasite of an obli-
gate fungal pathogen. Although we measured significant
variation among P. plantaginis strains in their life-history
traits that constitute the infection cycle, we did not find
any evidence for trade-offs among pathogen development
stages. However, we show that fast growth comes at a cost
of being more sensitive to the hyperparasite. This finding
highlights that pathogen coevolution with their host may
be constrained by the antagonistic interactions with other
species. Further, we find that fitness differences observed
between pathogen strains in vitro did not translate into
corresponding in vivo differences in abundance, which
suggests that there may be multiple life-history strategies
for being common at the metapopulation scale.
Our inoculation study revealed that there are strains
which undergo the successive life-history stages faster,
and the same strains are observed to produce more
transmission propagules (conidia) as well as more sexual
resting spores (chasmothecia) at the end of an infection.
Likewise, we find that other strains are consistently
slower at completing their life-cycle, leading to lower
infection load on their host. Although negative correla-
tions between pathogen life-history stages have been fre-
quently found [23], there is also evidence of positive
correlations in other pathogens [28, 34]. Investigations
of pathogen life-history typically do not include the sex-
ual stage [23], likely due to the empirical challenges
associated with quantifying this stage [7]. Here, we did
not find any evidence of a trade-off between asexual and
sexual stages. In contrast, strains that produced a high
number of clonal conidia also yielded more chasmothe-
cia. However, as our study only quantified chasmothecia
produced via haploid selfing, we cannot rule out the
possibility that there is a cost between the asexual stage
and sexual reproduction via outcrossing. Investment in
asexual and sexual stages in pathogens is still largely un-
explored, and hence offers an exciting avenue of future
research with the potential to reveal how diversity is
maintained in pathogen life-history stages.
In our experiments the main trade-off we found was
that fast pathogen growth comes at the cost of faster
growth of the hyperparasite, Ampelomyces. This is in
line with a previous result showing that P. plantaginis
strains differ significantly in their sensitivity to Ampelo-
myces [30], but to our knowledge, this is the first report
showing that pathogen life-history traits may be in
trade-off with sensitivity to a hyperparasite. Field obser-
vations in this pathosystem have demonstrated that
hyperparasitism has severe fitness consequences for this
pathogen by significantly reducing the probability of suc-
cessful overwintering [49], and so for some pathogen
strains it may be adaptive to employ a life-history strat-
egy that mitigates hyperparasitism risk. The correlations
between life history traits and susceptibility to the
Ampelomyces hyperparasite are driven by both within-
and between strain variation. The within-strain pheno-
typic plasticity could in itself be selected for if strains
can optimize their phenotypes to current conditions
[17]. Variation among the strains in these correlations
may be a powerful mechanisms for promoting variation
in these traits [17]. More research is needed in this sys-
tem to assess in detail if infection with the hyperparasite
can offset the differences in growth rate and fitness we
observe between strains. It would also be interesting to
verify the current results across a broader range of geno-
typic variation of the host plant, its pathogen and the
hyperparasite. Strong genotype-by-genotype interactions
could generate spatio-temporal variation in life-history
allocations in this pathosystem.
Conclusions
We conclude that the studied powdery mildew strains
exhibit both within- and between strain variation in their
life-history traits related to the different reproduction
stages. We also find that life-history traits are mostly
positively correlated, so that fast growth at one stage
predicts similar growth at the subsequent stages. This
leads to higher reproductive fitness of the initially fast
strains. However, our results suggest that variation in
the risk of hyperparasitism across the natural pathogen
metapopulation coupled with some environmental and
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stochastic factors may act to maintain variation in life-
history strategies among powdery mildew strains.
Genotype-by-environment interactions may change rank-
ing of strains across environmental gradients and even
alter the shape of trade-offs. Indeed, the outcome of host-
pathogen interactions is often mediated by both biotic and
abiotic variation of the environment [4, 39, 51, 52]. This
brings us to the conclusion that while studying patho-
gen strains in laboratory conditions sheds immediate
light on the life-history traits and their constraints,
more work is needed on how these traits are modu-
lated by the environment, how they are related to the
data collected from the natural conditions, and finally,
how the two kinds information can be utilized to make
robust predictions regarding disease dynamics in
nature.
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Additional file 1: Figure S1. Summary of the experimental design.
Table S1. The number of of inoculations per strain in each experiment
block. Table S2. The total numbers of inoculations that germinated for
each strain. Table S3. The total numbers of inoculations that resulted in
immature and mature chasmothecia. Table S4. The number of
Ampelomyces hyperparasite inoculations that reached state A1 for each
powdery mildew strain. Table S5. The number of Ampelomyces
hyperparasite inoculations that reached hyperparasite state A2 for each
powdery mildew strain. Table S6. Typer4 Parameters for genotyping
calling. Figure S2. Panel (A) displays the locations in which the studied
strains were found in 2015. Majority (395) of all the strains found that
year were only found in one location. Panel (B) shows the frequency
distribution for the number of occupied locations for all the strains, for
the SNP panel of 19 SNPs together with the locus with contig ID c6190.
The study strains are shown in colors, and the amounts of colonized
locations for each strain are shown in parenthesis. The shape_les used for
generating the maps in panel A were downloaded from Stanford digital
repository (https://purl.stanford.edu/np067sb6776). Figure S3. Powdery
mildew growth was scored using Bevan’s scale (adapted from [7]),
ranging from 0 to 4 (0: no mycelium, 1: mycelium only, 2: mycelium and
sparse sporulation visible only under a dissecting microscope, 3:abundant
sporulation and lesion size < 0.5 cm2, 4: abundant sporulation and lesion
size > 0.5 cm2). Figure S4. Ampelomyces infection was scored with a
modi_ed version of the scale reported in [16]: A0: no pycnidia observed,
A1: 1–20 pycnidia in each Ampelomyces cluster appearing and A2: 20–50
pycnidia in each powdery mildew lesion or between 30 and 50% of
powdery mildew covered. This scale can re_ect either a set number of
Ampelomyces pycnidia or an estimate of pycnidia coverage of the
powdery mildew lesion. Hence, the scale controls for the di_erent
amounts of powdery mildew tissue available for the hyperparasite to
infect, i.e. small powdery mildew lesions can still support hyperparasite
infection state A2 even if there is not enough tissue to produce
abundant pycnidia. Table S7. The means and standard deviations of the
measured life-history traits. Summary statistics for the timings of life-
history events are computed only for inoculations for which the event
actually occurred. The largest average value in each row is indicated in
red, and the smallest in blue. Table S8. The results from pairwise model
comparisons, for the survival models where the model with only strain id
and the same model with both the experiment id and strain id as
predictors are contrasted using anova. The presented p-value
corresponds to the evidence in favor of the more rich model (Model 2).
Table S9. The results from pairwise model comparisons, for the survival
models where the model with only experiment id and the same model
with both the experiment id and strain id as predictors are contrasted
using anova. The presented p-value corresponds to the evidence in favor
of the more rich model (Model 2). Table S10. The estimated relative
rates and their 95% con_dence intervals for the di_erent studied infection
event times, together with the associated test statistic for rejecting the
null hypothesis of the corresponding factor having no e_ect on the rate
of the event. Signi_cant deviations are shown in bold. Table S11. The
results from pairwise model comparisons, for the ordinal regression
models where the model with only experiment id and the same model
with both the experiment id and strain id as predictors are contrasted
using anova. The presented p-value corresponds to the evidence in favor
of the more rich model (Model 2). Table S12. The results from pairwise
model comparisons, for the ordinal regression models where the model
with only strain id and the same model with both the experiment id and
strain id as predictors are contrasted using anova. The presented p-value
corresponds to the evidence in favor of the more rich model (Model 2).
Table S13. Estimated e_ects for the ordinal regression model for the
Bevan scale at day 15. Signi_cant deviations are shown in bold. Table
S14. Estimated e_ects for the ordinal regression model for the (imma-
ture) chasmothecia category by the end of the follow-up. Table S15. The
estimated relative rates (exponentials of the estimated coe_cients) for
using the columns as predictor when predicting the event times
indicated by the rows. The statistical signi_cancy of the estimated e_ect
is shown in parenthesis and the signi_cant e_ects are shown in bold.
With NA’s we have omitted the pairs of events occurring in wrong order,
as they lead to non-intuitive modelling, as well as. Table S16. The
estimated e_ects of event timings (columns) as predictor when
predicting the abundance measureds indicated by the rows. The
statistical signi_cancy of the estimated e_ect is shown in parenthesis and
the signi_cant e_ects are shown in bold. Table S17. The estimated
relative rates (exponentials of the estimated coe_cients) for using event
times in the columns as predictor for the hyperparasite infection event
times, indicated by the rows. The statistical signi_cancy of the estimated
e_ect is shown in parenthesis and the signi_cant e_ects are shown in
bold. Table S18. The results from pairwise model comparisons, for the
survival models presented in where a survival model without any
predictors and a model with the strain as a predictor are contrasted using
anova. The presented p-value corresponds to the evidence in favor of
the more rich model (Model 2). Table S19. The results from pairwise
model comparisons, for survival models where a survival model with
strain id as a predictor and a model with the strain and pathogen
infection status at day 8 as a predictor are contrasted using anova. The
presented p-value corresponds to the evidence in favor of the more rich
model (Model 2). Table S20. The results from pairwise model
comparisons, for the survival models where a survival model with
pathogen infection status at day 8 as a predictor and a model with the
strain id and pathogen infection status at day 8 as a predictor are
contrasted using anova. The presented p-value corresponds to the
evidence in favor of the more rich model (Model2). Table S21. The
estimated relative rates and their 95% con_dence intervals for the di_er-
ent studied hyperparasite infection event times, together with the
associated test statistic for rejecting the null hypothesis of the
corresponding factor having no e_ect on the rate of the event.
Signi_cant deviations are shown in bold. Table S22. The estimated
relative rates and their 95% con_dence intervals for the di_erent studied
hyperparasite infection event times, where in the model the pathogen
infection stage at day 8 was accounted for, together with the associated
test statistic for rejecting the null hypothesis of the corresponding factor
having no e_ect on the rate of the event. Signi_cant deviations are
shown in bold. Figure S5. Panel A shows the frequency distribution for
the number of occupied locations for all the observed strains in 2015.
The majority of observed strains (395) in that year were only found in a
single location, but 3 strains were found in > 25 discrete locations. Strains
used to study life-history variation are shown in color. In panel B the
prevalence of strains across the metapopulation is correlated with the
mean _tness traits, and the corresponding p-values for the _tted rank
correlations are shown in upright. (PDF 1859 kb)
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